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Tiiro  experiments  were  conducted  to  determine  the  effects  of  adding  j 
a  gas  to  a  foam-water  mixture  to  increase  the  attenuation  of  shock  i 
v/aves  caused  by  hydraulic  ra.m.  In  each  experiment  three  target  mat-  | 
erlals  were  impacted;  water,  v/ater  and  reticulated  polyurethane  foam, 
and  water  and  Pneumacel.  Pneumacel  is  a  Du  Pont  tradenamed  product 
consisting  of  Dacron  fibers  Inflated  with  12$^  by  weight  Freon  gas. 

In  the  first  experiment,  plane  (one  dimensional)  shock  waves  were 
generated  by  impacting  the  target  materials  with  a  flat  aluminum  disc. 
In  the  second  experimen'c,  |  Jn,  spheres  were  fired  into  the  target 
materials,  -In  each  experiment  pressures- viere  measured  at  various 
depths  in  each  mixture  for  several  impact  velocities .  increase  in 
attenuation  of  shock  waves  was  observed  in  both  experimeQts  when  foam 
was  added  to  the  water.  Most  of  this  Increase  was  attributed  to  the 
presence  of  approximately  6^  by  volume  of  air  present  in  the  water- 
foam  mixture.  Significantly  reduced  pressures  and  Increased  atten¬ 
uation  of  shock  v/aves  v;ere  observed  in  the  water-Pneumacel  (foam  I 

and  gas)- experiments.  The  results  are  compared  to  applicable 
theoretical  models. 
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Abstract 

When  an  aircraft  fuel  tank  is  penetrated  by  a  ballistic 
velocity  projectile,' a  phenomenon  known  as  hydraulic  ram 
often  causes  the  catastrophic  failure  of. the  cell.  This 
study  was  performed  to  investigate  experimentally  the  possi¬ 
bility  of  usinft  porous  material  to  defeat  or  significantly 
reduce  the  hydrai-ilc  ram  effect.  Two  experiments  were  per¬ 
formed  to  determine  how  the  addition  of  a  gas  to  a  fuel-foam 
mixture  would  effect  the  attenuation  of  shock  vjaves  and  weaker 
pressure  pulses.  In  the  first  experiment,  water,  water  with 
reticulated  (open  cell)  polyurethane  foam,  and  water  with 
Pneumacel  (a  new  Du  Pont  product  composed  of  Freon  Inflated 
Dacron  fibers  pressed  into  a  mat)  were  each  impacted  by  a 
flat  aluminum  disc  to  generate  plane  .(one  dimensional)  shock 
waves  in  the  mixtures.  Four  pressure  transducers  were  locat¬ 
ed  at  specified  distances,  below  the  surface  and  the  attenua¬ 
tion  of  the  pressure  pulses  in  the  different  mixtures  was 
measured. 

In  th-  second  experiment  }  in.  spheres  were  fired  into 
a  tank  containing,  in  turn,  each  of  the  three  mixtures,  and 
again  the  attenuation  of  the  pressure  pulses  was  determined. 

In  each  experiment  there  was  an  increase  in  attenuation  noted 
when  the  reticulated  foam  was  added  to  the  water.  However, 
a  much  greater  Increase  was  noted  when  the  Pneumacel  replaced 
the  foan'.  Perhaps  most  interesting  is  the  fact  that  pressure 
dropped  and  remained  below  approximately  14  psi  within  a  few 
Inches  of  the  surface  in  all  tests  with  Pneumacel, 
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I,  Introduction 

Background 

Recent  combat  experience  has  shown  that  modem  aircraft 
continue  to  be  vulnerable  to  small  arms  fire.  Aircraft  fuel 
systems  are  particularly  large  and  vulrerable  areas.  Within 
the  past  few  years  many  aircraft  have  been  modified  by  the 
installation  of  reticulated  -(open  cell)  polyurethane  foam 
in  some  fuel  calls  to  decrease  the  probability  that  an  empty, 
or  partially  empty,  fuel  cell  would  explode  v:hen  struck  by 
an  incendiary  bullet.  However,  both  modified  and  unmodified 
fuel  cells  still  fall  catastrophically  if  hit  v;hen  full. 

Even  self -sealing  bladders  are  unable  to  prevent  massive 
fuel  leaks  when  the  supporting  tank  wall  is  heavily  damaged. 

Hydraulic  Ram.  Several  mechanisms  acting  Individually 
or  in  combination  produce  the  massive  damage  to  the  fuel 
cell  walls.  These  mechanisms  collectively  are  usually  called 
the  hydraulic  ram  effect.  Williams  (Ref  11:1-4)  divided  the 
damage  causing  mechanism  into  four  separate  events:  (l)  shock 
waves  near  the  Impact  point,  (2)  a  pressure  field  caused  by 
the  passing  projectile,  (3)  a,  cavity  phase  caused  by  the 
collapse  of  the  cavity  or  void  behind  the  projectile,  and 
(4)  impact  into  an  adjacent  v/all  of  high  velocity  fuel  part¬ 
icles  ejected  from  a  free  surface  by  the  passing  projectile. 
In  a  Northrop  Shock  Wave  Study  (Ref  9)  tbe  damage  causing 
mechanisms  were  divided  into  eight  events,  placing  major 
emphasis  on  (1)  a  pressure  rise  when  the  projectile  tumbles, 
(2)  compression  of  the  fluid  as  the  projectile  approaches 
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the  back  wall,  and  (3)  the  pressure  wave  preceedlng  the  large 
tumbling  cavitation.  There  Is  little  clear  understanding  of 
any  of  the  different  hydraulic  ram  events,  and  since  they 
often  occur  together  it  is  difficult  to  determine  which  one 
actually  caused  the  failure  in  any  given  Instance.  Also  the 
damage  caused  by  any  one  mechanism  appears  to  be  a  function 
of  several  variables  such  as  fuel  cell  geometry,  tank  wall 
material,  impact  velocity,  and  whether  or  not  the  projectile 
tumbles . 

Generally,  attempts  to  defeat  the  hydraulic  ram  effects 
have  taken  one  of  two  approaches :  trial  and  error  experi¬ 
ments,  and  analytical  models.  Northrop  (Ref  6)  used  the  trial 
and  error  approach  to  design  a  system  to  minimize  tank  wall 
damage  to  allow  self -sealing  bladders  to  function.  However, 
a  defense  that  helps  in  one  case  may  not  help  in  a  different 
shape  tank,  against  a  different  type  projectile,  or  where  a 
different  damage  causing  mechanism  becomes  critical.  Also 
the  same  approach  may  not  protect  walls  other  than  those 
penetrated  by  the  projectile. 

With  the  analytical  approach,  attempts  are  made  to 
predict  the  pressures  caused  by  the  impacting  projectiles. 

If  sufficiently  accurate  models  can  be  developed,  the 
pressure  information  can  be  used  to  determine  structural 
design  requirements  for  the  fuel  cells.  Usually  the  assump¬ 
tion  is  made  that  one  or  .tvzo  of  the  damage  mechanisms  are 
most  critical  and  a  suitable  model  for  those  mechanisms  is 
sought.  Yurkovlch  (Ref  1?,)  developed  a  model  based  on  a 
spherical  shock  wave,  and  Bristow  (Ref  2)  and  Lundstrom  (Ref  8) 
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have  developed  models  for  the  drag  or  pressure  phase.  To 
date  these  models  have  not  been  sufficiently  developed  to 
yield  the  desired  design  information.  Again,  the  mechanisms 
often  occur  together,  and  modeling  of  any  one  mechanism  alone 
may  not  be  sufficient. 

Compos'*  t a  Mixture  Theories .  Interest  in  composite 
materials  has  Led  to  the  development  of  numerous  models  to 
predict  various  properties  of  mixtures.  A  model  by  Herrmann 
(Ref  7)  predicted  significant  increases  in  the  attenuation 
of  shock -waves,  in.  a.  material  if  small  amounts  of  porosity 
were  added.  Torvlk  (Ref  10)  developed  a  simple  mixture 
theory  for  mixtures  of  solids  or  a  solid  and  a  gas.  Fischer 
(Ref  4)  applied  the  Torvik  model  and  other  models  to  varying 
ratios  of  the  two  mixtures:  water  with  reticulated  polyurethane 
foam,  and  water  with  air.  In  general,  he  found  that  these 
models  predict  attenuation  of  shock  waves  to  be  reduced  as 
more  reticulated  foam  is  added  to  the  mixture.  Conversely, 
these  models  predict  an  increase  in  the  attenuation  of 
shook  waves  if.  increasing  amounts  of  air  are  assumed  to  be 
present  in  the  mixture.  Experiments  with  reticulated  foam 
have  produced  conflicting  results.  Clark  (Ref.  3)  reported 
increased  attenuation  when  polyurethane  foam  was  added  to 
water,  while  Williams  (Ref  11)  found  pressures  increased 
when  foam  was  added,. 

Purpose  and  Scope  •  ■ 

The  purpose  of  this  study  was  to  investigate  experiment¬ 
ally  the  effects  on  attenuation  of  shock  waves  caused  by 


addition  of  a  gas  to  a  water-foam  mixture.  Water  was  used  in 
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place  of  fuel  for  obvious  safety  reasons  and  because  it 
allowed  comparisons  to  be  made  wJtb  previous  experimental 
and  analytical  studies.  Since  these  models  consider  water 
and  polyurethane  foam  to  be  "perfect"  materials  (having  no 
dissipative  forces)  the  only  attenuation  of  shock  waves  cal¬ 
culated  by  models  is  caused  by  geometric  dispersion  of  the 

shock  front  and  rarefaction  waves  overtaking  and  reducing 

* 

the  shock  waves.  Because  some  attenua-.:lon  may  fact  be 
caused  by  mechanical  losses,  the  attenuation  of  the  shock 
waves  in -water  alone  was  measured  first.’  The  experiments 
then  measured  the  attenuation  in  water-foam  and  water-foam- 
gas  mixtures.  The  study  was  divided  into  two  parts*  tJvc 
first  using  plane  (one  dimensional)  shock  waves,  and  the 

second  considering  shock  waves  generated  by  ballistic  impacts. 

* 

The  first  experiment  was  designed  to  study  the  attenua¬ 
tion  of  shock  waves  in  water  and  the  two  mixtures  under 
conditions  which  eliminated  the  unknowns  usually  introduced 
by  the  various  hydraulic  ram  mechanisms.  In  the  second  ex¬ 
periment,  attenuation  of  pressures  generated  by  ballistic 
impacts  were  measured  for  the  same  three  target  materials. 
Spherical  projectiles  were  used  to  eliminate  the  tumbling 
frequently  observed  with  ogival  projectiles. 

System  of  Units 

Most  Impact  studies  are  conducted  using  the  CGS  system 
of  units.  Measurements  for  data  in  this  study  were  made  in 
the  CGS  system  and  results  are  also  reported  in  that  system. 
However,  since  standard  American  materials  and  equipment 
were  used  in  the  construction  of  the  experimental  apparatus. 
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this  apparatus  will  be  described  In  this  British  system. 
Additionally,  the  results  will  also  be  -presented  in  British 
units  for  the  convenience  of  those  more  familiar  with 
hydraulic  ram  research. 
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II,,  Experimental  Apparatus 
Target  Materla.ls 

Water  was  used  as  the  first  target  material.  The 
results  of  the  tests  with  water  formed  a. baseline  against 
which  the  results  of  the  mixtures  v;ere  evaluated. 

The  second  material  selected  was  water  and  a  reticulated 
polyurethane  foam.  This  foam  is  currently  used  to  fill  some 
aircraft  fuel  cells  to  prevent  explosions  In  empty  tanks. 

The  third  target  material  used  was  water  and  Pneumacel. 
Pneuraacel  Is  a  new  0u  Pont  tradenamed  product  how  In  pilot 
production  and  currently  used  in  rug  pads.  It  is  a-mat:.  made 
of  Dacron  fibers  Inflated  with  approximately  Vk%  by  weight 
Freon  gas.  Pneumacel  was  selected  because  It  is  a  sponge¬ 
like  product  containing  controlled  amounts  of  gas  and  met 
all  other  needs  of  the  experiment. 

Apparatus 

This  invest igatio;-  involved  the  use  of  two  separate 
experiments,  each  with  its  own  apparatus. 

Experiment  1,  The  object  of  the  first  part  of  the 
study  was  to  generate  plane  (one  dimensional)  .shock  waves 
In  the  different  target  materials  and  determine  the  attenu¬ 
ation  of  these  shock  waves  by  measuring  the  pressures  at 
specified  depths  in  the  various  mixtures.  The  general  lay¬ 
out  of  the  apparatus  consisted  of  an  impact  assembly  and  its 
guiding  cables,  a  velocity  measuring  system,  a  level 

♦Additional  information  on  Pneumacel  and  polyurethane  foam 
can  be. found  in  Appendix  A. 
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meMurlng  system,  the  target  tank  as  shown  in  Figure  1, 
The  impact  assembly  (Figure  2)  consisted  of  an  impact  disc, 
a  guiding  assembly,  and  a  release  mechanism.  The  Impact 
disc  was  a  2 .54  cm,  thick  fiat  plate  of  2024  aluminum  turned 
on  a  lathe  to  an  outside  diameter  of  30'  cm.  The  impact  disc 
was  bonded  to  a  2  in.  thick  7  7/8  in.  diameter  disc  of  2024 
aluminum.  Tl'iree  holes  were  drilled  and  tapped  for  10x32 
screws,  120®  apart  and  7/lS  in.  from  the  ed;  a  of  the  second 
disc.  The  two  discs  were  attached  to  the  bottom  of  the 


Figure  2 
Impact  Assembly 
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gu.lcling  assembly  by  three  10x32  bolts  passing  through  a 
in.  thick  aluminum  plate  and  a  2  in,  thick  block  of  poly¬ 
urethane  foam  (2  in.  thick  before  compression  and  approxi¬ 
mately  ^  in.  thick  after  ccmpresslon) .  The  three  attachment 
bolts  provided  a  simple  method  for  leveling  the  disc. 

The-  main  vertical  and  horizontal  members  of  the  guiding 
assembly  were  constructed  of  3x1  in.  steel  channel.  At  the 
ends  of  each  horizontal  arm  were  3  in.  outside  diameter 
cable  pulleys.  The  pulleys  were  mounted  in  brackets  that 
allowed,  small  adjustments  to  be  made  in  the  horizontal  plane. 
&low  the-  lower  horizontal  arm  was  a  "braking”  bar  of 
1^x1  1/8  in.  2024  aluminum  channel  braced  at  the  ends  by 
1  in.,  square.  2024-T3  aluminum  tubing.  This  bottom  bar  was 

Installed  to  stop  the  assembly  after  it  Impacted  the  target 

* 

to  prevent  damage  to  the  gages  mounted  below.  The  bar  could 
be  quickly  changed  if  it  was  damaiged.  The  impact  assembly 
was  designed  and  constructed  so  that  its  center  of  gravity 
lay  along  a  line  down  the  center  of  the  outside  of  the  vert¬ 
ical  shaft-..  The  assembly  was  hung  by  its  attachment  point 
at  the  top,  and  checked  with  a  plumb  line  for  accuracy  of 
vertical  alignment  and  the  pulleys  were  adjusted  to  be  in 
the  same  vertical  plane  as  the  center  of  gravity.  The 
release  mechanism  was  a  solenoid  attached  to  a  ^  in.  nylon 
rope  with  electrical  wires  running  to  a  toggle  switch  and 
a  24  volt  battery.  Except  during  planned  drops  of  the  Impact 
assembly,,  a  safety  mechanism  consisting  of  two  "C"  shaped 
aluminum  plates  was  clamped  over  the  solenoid  to  prevent  an 
accidental  drop  of  the  impact  assembly.-  A  winch  raised  and 
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lowered  the  44,5  pound  Impact  assembly. 

Two  3/32  in,  steel  cables  were  attached  to  a  plate 

fastened  to  the  roof  of  the  building  and  through  tumbuckles 

# 

were- also  attached  to  a  plate  anchored  to  the  floor.  The 
attachment  points  in  the  two  plates  were  drilled  at  the  same 
time  and  the  alignment  of  the  eyebolts  checked  before  instal¬ 
lation,  The  bottom  plate  was  positioned  below  the  upper 
plate  by  using  plumb  lines  in  the  upper  two  eyebolts ,  After 
the  cables  were  installed  and  made  taut,  their  alignment  was 
^aln  checked  in  two  planes  with  a  plumb' line.  A  pulley  was 
attached  to  the  top  plate  so  that  the  nylon  rope  to  the  re^ 
lease  mechanism  was  over  the  center  of  gravity  line  of  thev 
Impact  assembly,  and  ithls  alignment  was  checked  with  a  plumb 
Hne-i  Bblts:  were  Installed  through  the  pulley  brackets  to 
prevent  the  puileys  from  jumping  off  the  cables, 

A  velocity  measuring  assembly  consisting  of  five  bronze 
spring  brushes,  10  cm  apart,  was  located  along  the  fall  path 
of  the  impact  assembly.  The  brushes  were  a'ctached  to  Plexir* 
alas,  holders  which  could  be  adjusted  individually  by  set 
screws.  The  assembly  was  mounted  in  such  a  way  that  the 
bottom  brush  would  make  contact  vjhen  the  Impact  plate  was 
2,  cm  from  the  surface  of  the  target.  The  assembly  did  not 
touch  the  target  drum,  so  no  motion  could  be  transmitted  to 
the.  target  before  impact.  As  the  Impact  assembly' fell,  a 
copper  tab  on  the  lower  arm  of  the  guiding  assembly  contacted 
the  brushes,  closing  a  circuit  powered  by  two  1,4  volt 
batteries.  The  electrical  pulses  generated  by  the  batteries 
were  carried  by  a  coaxial  cable  to  the  tape  recorder  located 
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in  the  instrument  area. 

About  2  J.n,  above  the  surface  of  the  water  was  a  device 
designed  to  measure  the  attitude  of  the  free  falling  plate 
before  it  hit  the  surface  of  the  target.  The  device  consisted 
of  a  ^  in.  thick  Plexiglas  ring  w.lth  three  bronze  spring 
brushes  mounted  120°  apart.  The  hole  In  the  center  of  the 
ring  allowed  1  3/8  in,  clearance  from  she  outer  edge  of  the 
impact  disc.  Three  holes  were  drilled  in  the  ring  and  tapped 
for  ^x20  set  screws.  The  set  screws  extended  through  the 
ring  supporting  it  by  resting  on.  three  small  pieces  of  alum¬ 
inum  angle  attached  to  the  inside  of  the  target  drum  Just 
above  the  surface  of  the  water.  The  three  brushes  were 
mounted  in  line  with  the  set  screws  and  extended  radially 
inward  into  the  path  of  the  falling  Impact  disc.  When  the 
disc  touched  each  contact  it  closed  a  circuit  with  two  1.4 
volt  batteries  sending  an  electrical  pulse  through  separate 
coaxial  cables  to  the  tape  recorder. 

The  material  to  be  impacted  was  contained  in  an  open 
55  gallon  steel  drum.  The  drum  was  placed  on  a  wooden 
pallet  which  straddled  the  bottom  cable  attachment  plate  so 
that  cable  motion  and  vibration  could  not  be  transmitted  to 
the  target  material.  One  ^  in.  hole  was  drilled  3  in.  below 
the  top  of  the  drum  to  control  the  level  of  the  water  in  the 
drum.  Pour  9/16  in.  holes  were  drilled  17  3/4  in,  below  the 
water  level  and  fitted  with  3/8  in.  bulkhead  fittings  and 
Teflon  seals.  Flare  fittings  and  3/8  in.  copper  tubing  were 
used  to  mount  four  Kistler  6o3-A  pressure  transducers  in 
the  drum  and  bo  protect  the  transducer  wiring  from  the  water. 
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The  transducers  were  positioned  roughly  in  a  7  in,  diameter 
circle  and  were  located  7.5  ca,  10  cm,  15  cm,  and  20  cm 
helow  the  surface  of  the  water  (Figure  3).  Gages  1  and  4 
were  about  tvdce  as* far  apart  as  the  other  gages  to  prevent 
gage  4  from  being  in  an  area  Influenced 'by  gage  1. 


Experiment  I.  Gage  Location 

Experiment  II.  The  second  part  of  the  experiment  was 
conducted  in  the  Air  Force  Materials  Labratory  Low  Velocity 
Gun  Range  which  is  operated  by  the  University  of  Dayton 
Research  Institute,  In  this  experiment  |  in,  steel  balls 
were  fired  into  the  same  target  materials  used  in  the  first 
experiment  and  pressures  were  measured  at  three  points.  The 
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projectiles  used  were  standard  ^  In.  steel  ball  bearings. 

All  bearings  were  .4995  in.  in  diameter  and  weighed  128.5 
grains.  Figure  4  shows  the  general  layout  of  the  principal 
components  of  the  test  apparatus:  (1)  the  aiming  laser, 

(2)  the  gun  mcunt,  (3.)  the  velocity  measuring  systems,  and 
(4)  the  target.  The  beam  of  a  small  laser  mounted  behind 
the  gun  was  aimed  down  the  bore  of  the  gun  so  that  the 
impact  point  could  be  accurately  predicted.  The  gun  used  in 
the  experiment  was  a  smooth  bore  .50  caliber  Mann  test  barrel 
attached*  to  a  Prankford  mount.  The  test  barrel  was  431*  in. 
long  and  the  actual  bore  v?as  C.502  in.  The  rear  of  the. 
barrel  was  threaded  to  receive  various  chambers,  and  a  .30 
caliber  chamber  was  used  in  all  tests  in  this'  experiment. 

A  screw  type  breech  was,  attached  to  the  chamber  and  a  re¬ 
motely  controlled  solenoid  fired  the  gun. 

Between  the  muzzle 'of  the  gun  and  the  target  tank  were 
two  velocity  screens,  exactly  four  feet  apart.  The  screens 
were  connected  to  the  ins trumenta cion  and  measured  elapsed 
time  between  successive  projectile  impacts. 

The  target  was  a  rectangular .tank  measuring  23j  in. 
high,  29|-  in  wide,  and  24  in.,  deep.  The  top,  bottom,  and 
sides  were  ^  in.  steel  plates,  reinforced  by  four  bands  of 
2  in.  angle  iron.  The  front  and  back  plates  were  removable 
and  were  made  of  O.125  In.  2024  aluminum.  Each  plate  was 
held  to  the  tank  by  a  frame  of  welded  1^  in.  angle  iron 
and  14  in.  "C"  clamps.  A  small  bead  of  putty  was  used  as 
a  seal  between  the  plates  and  the  tank.  A  4  in.  diameter 
hole  was  cut  in  the  center  of  the  front  plate  and  a  1^  in. 
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wide  collar  made  to  hold  a  .0005  In,  t'ylar  sheet  over  the 
opening.  Eight  sheet  metal  screws  attached  the  collar  to 
the  plate'.  An  8  In.  square  piece  of  1  In.  thick  aluminum 
was  fastened  to  the  center  of  the  back  plate  to  prevent  the 
projectiles  from  penetrating  the  back  olate. 

Three.  Klstler  6o3-A  pressure  transducers  were  mounted 
in  the  tank  by  3/8  in,  copper  tubing  and  various  flare 
fittings.  Two  gages  were  positioned  a-  opposite  sides  of 
the  projectile  path,  5  cm  from  the  front  plate,  and  7.5  cm 
and  15  cm  respectively  from  the  impact  point  (Figure  5). 

The  third  gage  was  located  1 )  cm  above  the  path  of  the 
projectile  and  30  cm  from  the  point  of  Impact.  This 
arrangement  was  chosen  to  measure  the  attenuation  of  the 
pressure  pulses,  and  gage  3  was  also  able  to  record  the 
pressure  field  generated  by  the  passing  projectile.  A 
catch  tank  of  plastic  sheets  attached  to  a  wooden  frame 
was  constructed  around  the  target  tank  to  catch  the  water 
spilled  after  the  projectile  ruptured  the  r>tylar  film. 


Ins  trumen tat ion 

Kistler  6o3-A  quartz  transducers  with  model  105H 
connector  adapters  connected  to  Kistler  504-A 'charge 
amplifiers  were  used  to  measure  the  pressure  in  both 
experiments..  All  transducers  v/ere  mounted  in  a  locally 
produced  aluminum  aaapter  vihlch  is  used  with  Kistler  gages. 

All  data  were  recorded  on  a  Sangamo  Model  3562  portable 
recorder/reproducer.  All  recording  was  done  in  the  FM  mode 
at  6o  ips,  and  playback  was  done  at  both  6o  ips  and 
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1  T/Q  ips.  For  the  first  experiment,  nine  channels  of  data 

were  recorded:  four  for  pressure,  one  for  the  reference 

signal,  one  for  velocity  data,  and'  three  for  checking  the 

attitude  (level)  of  the  Impact  disc.  In  the  second  experl- 

* 

went,  only  four  channels  (three  for  pressure  and  one  for  a 
reference  signal)  were  used.  The  refei-ence  was  a  1.0  KHz, 

1  volt  signal  generated  hy  a  Hewlett  Packard  Model  220CD  Wide 

• 

Range  Oscillator.  The  frequency  was  checked  hy  a  Hewlett- 
Packard  Model  52ICR  Electric  Counter,  and  the  voltage  was 
callhrated  hy  a.  Simps on  Electric  Company  Multimeter.  An 
Eldorado  Counter^.  Model  l4lo,  was  used  with  the  velocity 
screens  In  •the. second  experiment.  A  Honeywell  Model  1508 
Visicorder  Oscillograph  and  a  Tektronix  Type  5^9  Storage 
Oscilloscope  with  a  type  53/5^0  dual  trace  plug-ln  Unit  and 
Tektronix  C-I9  Oscilloscope  Camera  using  Polariod  Type  47 
film  were  used,  to  Interpret  the  data  recorded  on  the  tape. 
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III,  Experimental  Procedures 

The  Instrumentation  was  calibrated  as  stated  in  Appen¬ 
dix  B  and  in  accordance  with  the  appropriate  technical  manuals,. 

Experiment  1 

A  total  of  l8  drops  of  the  Impact  assembly  were  made  in 
the  first  experiment.'  Tv'elve  of  these  constituted  successful 
data  runs.  The  first  four  were  made  for  operational  checks 
of  the  entire  system  and  calibration  of  the  equipment.  The 
results  of  run  10  were  discarded  because'  of  uncertainty 
about  the  water  level  in  the  drum,  and  run  II  was  a  repeat  of 
that  run.  The  last  run  was  a  check  of  the  calibration  and 
functioning  of  the  transducers.  The  first  two  and  the  last 
run  were  made  with  all  four  transducers  at  the  same  depth. 

For  the  recorded  runs,  foul?  drops  were  made  against 
each  target  material,  with  nominal  drop  heights  of  0.5  m, 

1,0  ra,  1,5  m,  and  2m,  The  heights  of  the  drops  were  not 
exactly  the  same  each  time  because:  small  adjustments  could 
not  be  made  with  the  winch  that  lifted  the  impact  assembly. 

The  procedures  for  each  drop  were  as  follows ; 

1.  The  instrumentation  was  turned  onto  warm  up, 

2.  The  water  level  in  the  drum  was  made  a  little 
too  high  and  allowed  to  drain  *through  the  level 
control  hole  to  attain  the  proper  level, 

3.  The  depth  of  the  gages  was  checked,* 

*Depth  of  gage  check  was  difficult  with  the  foams  in  the  drum; 
therefore  it  was  necessary  to  check  the  depth  of  the  gages 
before  installation  of  foam  and  after  removal.  Depth  did  not 
vai7  over  2  mm  in  any  case. 
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4,  The  Impact  disc  was  leveled  by  adjusting  the 
securing  bolts  until  the  d^  discj  Ipwered  very:  • 
alow ly,  touched  the  water  in  a  level  condition.'* 

5,  The  level -check  ring  was  adjusted  "by  conheotlng 
the  clrculta  two  at  a  time  to  a  dual  tr|ce 
oscllldscope  arid  adjusting  the  set  screws  untlt 
toth  brushes  touched^  simultaneously  when  the 
disc  was  lowered  very  slowly. 

6.  The  velocity  measuring  brushes  were  adjusted 
to  2  cm,  12  cra^  22  cm^  32  cm,  and  42  cm  above 
the  surface. 

7.  The  Impact  assembly  was  raised  to  approximately 

In.  below  the  desired  drop  height, 

8,  The  hook-up  of  the  Instrument  circuits  to  the 

•  tape  recorded  was  checked,  ‘ 

9.  The  refererice  sigrial  was  adjusted  to  l  lfflz  and^ 

1  vdt. 

10.  The.  thermostats  in  the  huildlrig  were  tunied -dowh 

to  tui^  off  the  heater  fans  that  vibrated ':the  f  v  - 

celling  and  guiding  cabiei. 

11.  Tlie  necessary  information  was  recorded:  drop 
height;,  number,  target  material,  tape  recorder  ■=-. 
counter  setting,  and  circuit  to  channei  hpok-Upji 

12.  The  solenoid,  was  conriected  to  the  battery  arid 
the  toggle  switch  was  set  to  "Hold”. 

13.  The  Impact  assembly  was  lifted  approximately 
^  iri,  to  engage  the  solehpid. 

14.  The  solenoid,  safety  was  removed, 

15.  The  groutid  button  of  each  Klstler  charge  ampli¬ 

fier  was  pressed  to  dissipate  any  ,accumulated 
charge,.  ’ 

16.  The  tape  recorder  was  set  to  " ST ART -RECORD" . 

% 

1'7,  After  the  tape  speed  had  stabilized,  the  toggle 
switch  was  moved  to  "DROP",  thus  releasing  the 
.  impact  assembly. 


^leveling  the  disc  was  difficult  with  the  foams  In  the  drum 
unless  the  water  level  control  hole  was  plugged,  and  the 
water  level  was.  raised  slightly  during  leveling.  The  water 
was  then  lowered  to  the  proper  level. 
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18,  The  tape  recorded  was  set 

19,,  The  batte^  was.  disconnected;  from  the  solbhbld^ 

20,  -^ie  data'-^for  that:  run  was  cKeoked  pnr§he 

Os’ollloscOpe  to  be  :sdre  that,  air  eiel^^^ 
the  experltnent  functioned.  ‘ 

21,  The  Impact  assembly  was  checked  and  the  "braking" 
bir  was  replaced  if.  necessaiy  , 

JPneumacei  tend^  to  float  and  had  to  be  held;  down  10?^ 
the  drum  With- ^^ety  wires  fastened  between  boar^  wedged' 

Into  the  botton  of  the  drum  and  pieces  of  heavier  wire  laid 

on  top  of  the  Pheumapel.  To  .prevent  the"  buoyancy  from  appreB; 

ciably  compressing  the  Pneumacei  ;mat|  the  material,  was  ;plMed 

only  in  the  top  ihi  of  the  dhyro^  afidt-ihe 

secured  by  the  safety  wire  at  the.  surf  ate  and 

hei'Ow  the  eurface.  The  Wires  securing  the  ?Prteuma?ei  were*  to 

the  outside  :6f  the  area  Impacted  except  for  one  in  the  center. 


Experiment  li 

A  total  of  22  shots  :were  fired  in  the  second  experiment. 
The  first  two  shots  were  fired  to  ootaln  a  curve  of  powder 
ohai^e  versus  projectile  velocity,  and  Were  not  fired  into 
the  test  target.  The  next  10  shpts  were  fired  into  the  test 
target  : -four  into  water,  three.  Into  the  water-Tfoam  rmlxtuhli 
and  three  into  water- Pneumacei,.  One  shot  at  each  of  a  high, 
medium,  and  low  velocity  was  fired  Into  each  target  mixture. 
M  analysis  of  the  data  made  after  the  first  10  shots  had 
been  fired,  showed  that  gage  2  (15  cm)  vfas  interralttentiy 
failing.  Investigation  of  the  circuits  revealed  that  the 
cable  shield  was  shorting  under  impact  loads  where  It  connect¬ 
ed  to.  the  transducer  adapter.  The  faulty  cable  was  replaced 
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and  the  entire  sequence  of  ten  shot  was  retreated. 

Penerally,,  projectiles  are  launched  from  israqToth  bore 
guns  with'  sahots ,  However^  in  this  case  the  small  clearance 
between  the.  bore  and  the  project lie  made  this  impractical. 
Instead  a.  muzzle  loaded  ban  and  patch  technique  Was  used, 

A  cross  shaped  patch  consisting  of  two  l^  ini  lOhi,  i  in. 
Wide*  imd  .0035  in.  thlblc  ipiebes  of  Teflon  tape  was  placed 
over  the  muzzXo;  and*  the  bail  was  forced  ihtOi  the  bore.  Good 
controi  over  velocity  and;  impact  point  was  ajihieved. 
v^e  •procedures  for  .eachz  shot  were  as  fbiiqws;: 

I ,  The-  ins  t  rumen  tat  iqtt  was  turned-  on  to  warm-  up  i 

2-i.  ©le  gun-^target  aligrimeht  Was  (shecicedK-wlth  the 
iaseti. 

3..  The  4  in,  hole  in  the  front  tank  fplate.  was 
sealed  with  aC;%iar  f  iim>;  . 

4:,.  The  tank  was -filled  with  water,-;and  the  filler 
Ri^es  ^were  cap^ped.  '  ^ 

5..  The:  veiocity  screens  were  5et_ and  their  circuit 
checked  i 

6i,  The  cartridge  was  loaded  with  the  powder  calcu¬ 
lated  to  give  the  desired  projectile  velocity. 

Ji,.  The- projectile  and  Teflon  patch  were  muzzle 
loaded , 

8..  TOe  chamber  was  attached  to  the  gun  tube,  and 
the-  cartridge  was  loaded , 

9..  The.  breech-firing  pin  t  ,sembiy-was  attached  to 
the;  chamber  i 

10,.  ihe  ''ground”  buttons  on  the  i&stier  charge  ampll 
fiers  were  pressed ^ 

II.  The  remote  firing  circuit  was  connected  to  the 
gun... 

12.  The  necessary  information  was  recorded;  shot 
number,  tape  counter  setting,  and  target 
material. 
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13,  The  reference  signal  was  adjusted  4d  1  KHz, 
1  volt. 


iHi  The  tajpe  recorder  was  *set  to  "ST^Ti-RECORD'? , 

.15,  After  the  tape  speed  stabilized,  itBeigun  was 
•  -  firedi  •  0  -  - 


16.  The  tape  recorder  was' seb  to  VSTOP"," 

17.  *  'Th«}  projectile  velocity  was  caip.ulabe4^^^^^^^^ 

the  velocity  screen  data  and  then  ^recorded  * 


iSi  The  target  material  was  Changed  If  hecessary. 

I9,  Shots  Into  water- Pneumacel  created  ¥  hole  apprhxs 
'  Ijfetelyi  iHi  In  dlamdter  In  thd^iiatri:  ^is,;^hdi^ 

•  SraS  billed  Mlth  iLoole-JlbCrs  anhi^i^^ta&aftefe 
?6aoel'  i&t':td  approMmate  thO  original  target. “ 
material  density. '  .  r  , 
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IV,  Resurbs  anU;  biacussioh 


Results . 


The  results  of  the  twelve  successful  tests  conducted  ;ln\ 
Experiment  I  are  shown  and  difousaed,  ,^e  data  on  the  tape 
recorder  were:  reproduced  on.  Vislcorder  flrim  for  ianaiysls  ^ 
l^ustratibns  of  the  Mslcord^  films  bvq  shown  inr^lgui^sis^^^ 
%e  traces^  fun  from  rl^ght:  to  l^ft  and  the  time  re|efenoe  ie 
from  the  .arrival  of  the  pulse*  at  gage  3 ,  The  run  number,; 
target  ■matef^^  impact  velocity,  and  naximum  pressures:  :  _  ' 

at  each  :gage  are?  shdwm^^ fable  V^^ini  Appen^x  / 

The  dat^;  fpn  Expefiment  Et  ¥efe- :rea#f if st  on  the  Vislr 
border  and  then  On  the  storage. ipscillbscope,  Iilpstrati6h3= 
of  the  Vlsioorder  film  and"  representative  scope ’phptogfaphj: 
are  shown  in  Figures;  lp-19..  ifie  os6-ii4osoppe  traces  fun 
from  left  to  right.  The  resuits  of  all  twenty  experimental/ 
shots  are  shown.  Since  some,  gage  2  readings  in  the  first 
ten  shots  are  missing,  and  doubt  exists  about  the  accuracy 
of  others,  the  results  and  discussion  will  generally  consider 
only  the  last  ten  shots,.  The.  values  that  appear  in  the 
tabulated  data  (Table  YI>.  Appendix  D)  wefe  read  from  Polaroid 
photographs  of  the  storage,  oscilloscope  because  amplification 
of  some  traces  made  possible  more  accurate: interpretation. 

Table  VI  lists  the  number  of  the  shot,  the  target  material, 
and  the  maximum  pressure  (gage)  recorded  at  each  gage, 
listed  in  Table  VI  as  P'3  is  the  estimated  pressure  of  the 
Initial  pulse  when,  it  arrived  at  gage  3.  This,  pressure  waa 
read  from  the  gage  3  trace  at  the  time  equal  to  the  time  the 
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Pressure  (psl) 


Figure  13,  Visicorder  Data,  Shots  11,  12,  and  13,  foam 
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pulse  first  reached  gags,  1  plus  3  tlmfs  the  time;  It  took 

\  _ 

the  pulse  to  travel  from  gage  1  to  ^age  2. 


Discussion  * 

Experiment  Before  comparing  the  experimental  results 

of  the  different  runs,  a  least  squares  curve  fit  was  applied 
In  an  attempt  to  obtain  approximate  curves  to  represent  thj 
data.  An  exponential  equation  was  found  to  give  a  satisfact¬ 
ory  description  of  the  data.  The  coefficients  and  standard 
errors  are  shown  In  Table  I, 


Table  I 

Curve  Fit  Coefficients  for  P»Poe^ 
and  Standard  Error 


Drop 

Height 


4.78 

r.i6 

10.48 

13.60 

1.87 

•2.6l 

1.47 

1.72 

0.941 

8.97 

5.32 

6.95 


-0.10111  0.0757 


-0.07066 

-0.04862 


-0.04878 

-0.09401 

-0.01668 

^0.09775 

-0.07862 

-0.06800 


0.263 


0.373 

0.947 

0.839 

0.876 


69.21 

103.89 


0.581  152.02 


-0.03610  1.272  197.10 

-0.17123  0.0739  27.16 

-0.18841  0.1147  37.81 

0.1127  21.26 

0.1290  25.22 


13.66 

130.03 

77.28 

100.8 


W;  water,  P:  Pneumacel,  and  P;  foam 
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Althougli  there  is  no  one,  attehultlon  that 

desorlbea  any  materlalj  the  average 'ef  the  coef f Iclents .  f or 
water  and  water-foam  are  nearly  equal  and  one  half  of  the 
coefficients  for  water-Pneumacel.  The  data  points  and  cuiwes; 
are  plotted  together  for  each  drop  height  (Figures  20-23) , 
'Although  the  Pq  values  determined  by  the  curve  fit  will  be  - 
used  to  represent  experimental  results  in  some  comparisons 
to  be  made,  they  are  not  results  of  the  experiment  and  may 
he  in  error  to.  a  significant  degree,  relationship  be- 
tvieen  "the  impact"  velocity  and  the  initial  pressures  in  the 
different  target  materials  was  estim|ited  by  plotting  these 
ex t rappldted  Pq.  values  against  the  impact  •velocities  In 
Figure  2%.  The.  least  squares  curve  fit  of  the;  •'data”  points^; 


shows  the  pressures  in  water-foam  to  be  approximately  functions 
of  velocity  to  the  1\5  power,  while  pressures  in  water-Pneu- 
macel  approach  a  maximum  of  approximately  30.  psl.  This 


would  Indicate  that  the  pressures  generated  by  the  shock 
wave  phase  of  hydraulic  ram  could  be  significantly  reduced 
by  the  addition  of.  a  gas  filled  foam,  such  as  Pneumacel, 
Fowles  (Ref  5.)  calculated  the  pressures  and  depth  at 
which  attenuation  should  begin  in  "perfect”  materials.  His 
calculations  predict  a  step  Inci’ease  in  pressure  with  no 
attenuation  until  a  rarefaction  wave  reflected  from  the  upper 
surface  of  the  impact  disc  arrives,  and  then  a  continuing 
reduction  in,  pressure  occurs.  Calculations  using  the  Fowles 
theory  for  an  aluminum  disc  impacting  targets  of  water  and 
of  the  two  mixtures  whose  properties  were  calculated  using 
simple  mixture  theories  (Ref  10)  predict  much  higher 
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Pn  extrapolated  vs  Velocity 


Pressure  (bars) 
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pressures  than  were  measured  in  this  study.  Table  III, 
Appendix  C  lists  the  theoretical  pressures,  densities, 
shock  wave  velocities,  particle  velocities,  acoustic 
velocities,  arrival  times  of  the  shock  waves  and  rarefaction 
waves  at  the  different .gages,  and  the  time  and  depth  at 
which  the  .rarefaction  wave  overtakes  the  shock  wave. 

Assuming  values  of  Pq  as  given  in  Table  I  obtained  by 
extrapolating  back  to  the  surface  are  at  least  representative 
of  the  actual  pressures,  the  Powles  model  predicts  pressures 
that  average  8.3  times  greater  than  experimental  findings 
for  water,  20.4  times  greater  for  the  water-foam  mixture,  and 
2.13  times  greater  for  the  water-Pneumacel  mixture.  The 
simple  mixture  model  used  predicts  that  the  water-foam 

mixture  will  be  less  compressible  than  water  and  therefore 

* 

give  higher  pressures  for  the  same  impact  velocity.  The 
experimental  results  showed  lower  pressures  for  the  water- 
foam  mixture  than  for  water,  thus  producing  the  great  differ¬ 
ence.  The  mass  fray  cions  used  in  the  water-fcam  calculations 
were  based  on  manufacturer»s  data  giving  the  volume  fraction 
of  the  foam  as  1.8$^.  Experimental  measurements  (results  for 
all  mixtures  listed  in  Table  IV,  Appendix  C)  showed  the 
volume  fraction  of  the  water  was  approximately  92^,  revealing 
approximately  6%  by  volume  air  present.  Computing  the 
pressures  considering  6^  by  volume  air  to  be  present  in 
the  water-foam  mixture  led  to  the  predicted  pressures  an 
average  of  2.36  times  greater  than  the  experimental  findings. 
The  remaining  differences  between  experimental  and  theoreti¬ 
cal  values  are  likely  due  to  the  fact  that  P©  was  estimated 
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by  extrapolation  and  due  to  trapped  air  providing  some 
cushioning  of  the  impact  dsic.  Since  the  experiment  was 
conducted  in  che  air,  a  thin  layer  of  air  wes  likely  trapped 
between  the  impact  disc  and  the  target  material,  decreasing 
the  pressure  generated  by  the  impact. 

Considering  the  v;ater-foam  mixture  as  a  porous  mixture 
with  roughly  t:he  same  percent  volume  of  gas  (6^  air  in  the 
water-foam,  and  7.8^  Freon  in  the  v/ater-Pneumacel)  led  to 
the  question  of  why  the  Pneumacel  showed  significantly 
greater  attenuation  than  the  water-foam  target.  Freon,  with 
a  gas  constant  of  1,12  is  considerably  more  compressible 
than  air.  Theoretically  the  limiting  compressibility  of  air 
is  6,  while  the  same  limit  for  Freon  is  17. 67#  nearly  3  times 

greater.  Thus  the  choice  of  Freon  as  the  gas  to  be  used  in 

» 

the  mixture  is  important  since  for  a  given  volume  displaced 
it  is  capable  of  producing  greater  pressure  attenuation.  The 
significance  of  the  compressibility  is  also  shown  in  the 
theoretical  calculations.  Table  III  shows  the  depth  at 
which  the  rarefaction  wave  overtakes  the  shock  wave  is 
hundreds  of  centimeters  for  water  and  for  water-foam,  but 
less  than  1  cm  for  water-Pneuraacel  and  water-foam-alr. 

The  arrival  time  of  the  shock  wave  at  the  transducers 
was  in  good  agreement  with  shock  velocities  calculated  in 
water  and  the  mixtures  if  the  water-foam  mixture  v/ere  con¬ 
sidered  to  be  water-foam-air.  The  pressure  rise  in  the 
water  is  very, steep,  approaching  the  step  Jump  in  pressure 
expected  with  a  shock  wave.  However,  in  the  water-foam  and 
water-Pneumacel  mixtures,  the  pressure- pulse  is  less  abrupt, 
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becoming  quite  diffused  with  distance  in  Pneumacel, 

The  air  present  in  the  water-foam  mixture  was  Included 
unintentionally  in  the  form  of  bubbles  trapped  in  foam  cells. 

Most  of  the  air  would  not  have  been  trapped  in  the  foam  if 

* 

fuel  had  been  used  instead  of  water  because  of  increased 
wetting  with  fuel.  Consequently  the  attenuation  of  pres¬ 
sures  in  a  fuel-foam  mixture  can  be  expected  to  be  much  less 
than  meaaured  in  rhe  water-foam-air  mixture. 

Experiment  II.  Most  models  for  projectile  impacts  into 
fluids,  for  example  Yurkovich  (Ref  12)  considered  that  all 
of  the  kinetic  energy  of  a  projectile  is  deposited  at  the 
point  of  impact.  This  is  not  the  case  in  general,  and  espe¬ 
cially  in  Experiment  II  where  the  projectile  was  fired  into 
tlje  fluid  through  a  thin  film.  When  fully  developed, 

i 

models  of  the  pressure  field,  such  as  those  by  Bristow  (Ref  2) 
and  Lundstrom  (Ref  8)  should  be  able  to  predict  pressures  in 
a  ballistic  experiment  like  the  second  par^  .f  this  research. 

In  addition  to  i.-ie  pressure  generated  by  the  Impact, 
gage  3  sensed  pressures  generated  by  the  projectile  moving 
through  the  fluid.  To  look  at  the  attenuation  of  the 
initial  pressure  pulse,  it  was  necessary  to  see  what  pressures 
the  gage  recorded  at  the  time  the  initial  pulse  should  have 
reached  it.  This  pressure  v/as  much  less  than  the  maximum 
pressure  recorded  by  gage  3.  Figures  25-27  show  the  plot 
of  pressure  versus  distance  for  the  three  target  materials 
for  representative  shots  grouped  as  high,  medium,  and  low 
Impact  velocities.  Since  only  three  data  points  are  available, 
simple  curve  fits  were  used  and  no  attempt  was  made  to 
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predict  an  extrapoiated  P^,  Although  a  conTparlson  between 
the  two  experiment a  cannot  be  made  on  a  one  to  one  basis,  it 

sho*’ld  be  noted  that  the  depth  and  distance  between  gages  1 

# 

and  3  in  Experiment.  I  is  the  same  as  the  depth  and  distance 
between  gages  i  and  2  in  Experiment  II,  Comparing  pressures 
on  this  bais.is  shows  much  greater  attenuation  in  every  rase 
in  Experiment  II,  This  is  to  be  expected  since  the  shock 
wave  attenuates  by  geometric  divergence  in  addition  to  mechan¬ 
ical  losses.  Figure  28  shows  the  presaure  versus  distance 
for  the  highest  drops  of  Experiment  I  and  the  low  velocity 
group  of  ^pcrlment  II  plotted  together  and  shows  the  Increased 
attenuation  in  Experiment  II,  • 

Many  experimenters  with  hydraulic  ram  (Bristow  and 
Lundstrom,  for  example)  feel  that  the  pressure  field  phase 
is  the  major  damage  causing  mechanism.  Since  this  is  the 
major  sourse  of-  the-  pressure  pulse  recorded  at  gage  3,  it 
is  interesting  to  compare  the  magnitude  of  the  readings  of 
gage  3  in  the  three  mixtures.  Figure  29  plots  the  maximum 

pressure  recorded,  at  gage  3  versus  the  Impact  velocity, 

* 

Pneumacel  clearly  attenuates  the  majority  of  the  pressure  • 
generated  by  the  moving  projectile.  As  in  Experiment  I,  the 
water-foam  mixture  is  actually  water-foam-alr  mixture,  and 
the  pressures  shown  are  more  attenuated  than  would  be  the 
case  in  a  fuel-foam  mixture  where  little  air  would  be  present. 
In  Figure  29  the  greater  scatter  of  data  points  for  the 
water-foam  mixture  is  believed  to  be  caused  by  the  Inhomo- 
genous  nature  of  the  air  bubbles  in  the  water-foam  mixture. 


QAW/MC/r2-3 


Depth  (cm) 
8  12  l6 


2  36l  JO 


Velocity  (rps)  - 

Figure  29,  Impact  Velocity  vs  Gage  3  Pressures 
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VI ,  Conclusions  and  Rec otnmenda blons 

Conclusions 

1.  Plano  shock*  waves  can  be  used  to  simplify-  the  study 
of  some  aspects  of  the  hydraulic  ram  phenomenon,  such  as'  the-  - 
relative  attenuation  of  materials, 

2.  ■  A'ttenuatlon  shown  In  plane  shock  wave  experiments 
Is  less  than  the  attenuation  under  similar  circumstances 
for  ballistic  tests, 

3.  Including  a  small  fraction  of  a  gas  In  the  fuel-fdam 
mixture  significantly  reduces  the  magnitude  of  pressure  pulses 
at  any  point  and  Increases  the  attenuation  of  pressure  pulses 
that  are  present, 

4.  The  addition  of  reticulated  polyurethane  foam  does 
not  significantly  Increase  the  attenuation  of  shock  waves. 
Since  some  air  was  known  to  be  present  In  these  experiments, 
the  major  attenuation  factor  Is  believed  to  be  the  air 
present, 

5.  Air  Is  not  the  best  gas  to  use  for  the  purpose  of 
Increasing  attenuation.  Freon  or  another  highly  compressible 
gas  produces  greater  attenuation  for  the  volume  It  displaces, 

6. -  The  Impact  assembly  used  In  Experiment  I  Is  not  a 
satisfactory  method  of  calibrating  Klstler* pressure  trans¬ 
ducers  since  the  gages  must  be  mounted  some  distance  from 
the  Impact  plane  to  protect  them,  and  because  the  presence 
of  an  air  cushion  under  the  Impact  disc-  makes  It  difficult 
to  predict  exact  pressures  created  by  the  Impact, 
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Recommendations 


1.  Foams*  with  a  oontnoiled  amount  of  a  gas  should  be 


% 


r- 


te 


fe 


Included  in  future  tests  of  hy^aUllc  ram  defenses,  I* 

♦  -  -  ■  _  i; 

■  r  -  '  ■ 

2,  Foams  with  various  densities,  various  amounts  of  a  I: 

gas,  and  various , types  of  gases  should  be  investigated  to  t 

determine  their*  efficiency  in  attenuating  hydraulic  ram  type 
pressure  pulses.  ^ 

■  3.  A.  foam  should  be-  designed  which  will  combine  the 
flame  front  supresslng  characteristics  o£*-retlculated  poly- 
urethane -fbam  and  the  pressure  attenuating;  characteristics  4, 


^  I 


I- 

S' 
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i 
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I  . 


of  a  gas -filled  foam, 

4,  Fuel  should  be  used  in  tests  wherever  possible  to 
reduce  the  amount  of  air.  accidently  introduced  into  the 
experiment , 

.5,  To  decrease  the  volume  of  fuel  sacrificed  to  foams, 
the  efficiency  of  using  layers  of  various  thicknesses  of 
gas-filled  foam  next  to  the.  fuel,  cell  walls -and  no  foam,  or 
a  lower  density  foam,  in  the  center  of  the  tank  should  be 
tested. 
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Appendix  A 
Target  Materials 

Pneutnacel 

_  • 

Pneumace.l,  shovm  in  Figure  30,  is  a  new  Du  Pont  product 

now  in  pilot  production.  A  small  supply  of  Pneumacel  was 
made  available  for  this  study  by  Mr.  Colin  B.  Blakemore, 
Christina  Labratory,  Wilmington,  Delaware,  I9898.  The  follow¬ 


ing  information  is  also  courtesy  of  Mr.  Blakemore  (Ref  1), 


Batt  Characteristics 

Randomly  oriented,  thermoplastic ally  bonded 
Pneumacel  fibers. 

Density;  appx.  0.2  Ibs/cu  ft  to 
appx.  3.5  Ibs/cu  ft. 

Thickness;  appx.  0,2  in,  and  up. 

Chemical  characteristics  similar  to; 
polyvinyl  acetate 
fluorinated  hydrocarbons 
"Dacron”  polyester  fiber. 


Fiber  Characteristics 

Small,  uniform,  polyhedral  cells. 

Thin,  highly  oriented  cell  walls. 

Low  density-  appx.  0,023  gm/cu  cm. 

for  individual  strand  which  included  12^ 
by  weight  of  an  inert  inflatant. 

Compression  strength;  essentially  undamaged 
@  3,000  psi. 


Chemical  properties  similar  to  "Dacron"  poly¬ 
ester  fiber  and  fluorinated  hydrocarbon  blow¬ 
ing  agents . 

Adjustably  pressurized  (1-30  psig). 

Note;  Pneumacel  in  its  present  form  is  not  recommended  for 
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use  in  fuels  because  the  fuel  may  soften  the  material  used 
to  bond  the  fibers  Into  a  mat. 

Reticulated  Polyurethane  Foam 

Figure  31  is  a  picture  of  the  polyurethane  foam  used 
In  this  study. 


Foam  Characteristics 

I  I  I  'I  1 1  a  . —  I  II  —  ^  

Appx.  15  pores  per  Inch, 
Density;  1,3  Ibs/cu  ft. 
volume  fraction:  1.8^. 
Retained  fuel;  1.1^, 
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Appendix  B 

Equipment  Calibration 

The  Sangatno  3562  tape  recorder  was  set  in  the  PM 
record -playback  mode  and  calibrated  according  to  the  tech¬ 
nical  manual.  The  output  level  was  checked  by  recording  a 
1  KHz,  1  volt  signal  on  each  channel  and  checking  the  ampli¬ 
tude  and  wave  form  on  an  oscilloscope  and  Visicorder.  A 
25  KHz,  1  volt  signal  was  also  recorded  and  checked.  This 
signal  was  5  KHz  beyond  the  recommended  specifications  of 
the  tape  recorder,  but  the  wave  form  and  voltage  appeared 
good. 

The  Honeywell  1508  Visicorder  Oscilloscot)e  had  six 
Honeywell  M-3300  submlnlature  galvanometers  Installed,  and 
the  recorded  reference  signal  was  played  on  each  channel 
for  a  systems  check.  The  galvanometers  have  an  undamped 
natural  frequency  of  3300  hz  and  flat  response  (±5^)  from 
0  to  2000  hz.  The  Visicorder  specifications  stipulate 
linear  performance  within  ^2$  for  peak  to  peak  deflections 
up  to  6  in.  Maximum  peak  to  peak  deflections  encountered 
in  the  experiments  were  2^  in,.  The  reference  signal  record¬ 
ed  with- the  data'was  played  on  each  channel  as  a  calibration 
prior  to  the  final  playback  of  data  on  the' Visicorder, 

The  Kistler  6o3-A  pressure  transducers  were  calibrated 
for  1000  psi/volt  and  100  psi/volt.  All  gages  were  simul¬ 
taneously  tested  in  a  manifold  made  of  2  ,ln.  diameter  steel 
pipe  fittings  (Figure  32)  attached  to  a  dead  weight  tester. 
The  first  two  calibration  drops  vjere  used  to  determine 
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Hi crodftt  wires: 

^  frOT  Kistler  603  A 
C  to  chOrge  amps 


'2*'*steel 

fittings 


3/4"  .pipe  to 
dead  weight 
tester 


aluminum  adapter  for 
Kistlec  603  A 


Kistler  603  A  pressure 
transducer 


Figure  32 

Pressure  Calibration  Apparatus 


which  calibration  of  the  charge  amplifiers  gave  the  best 
results.  The  1000  psi/volt  setting  proved  too -insensitive, 
so  the  100  psi/volt  setting  was  used  throughout.  Calibrat¬ 
ing  the  Kistler  system  in  accordance  with  the  technical 
manual  required  static  testing.  The  charge  amplifiers  were 
set  to  the  long  time  constant  setting  and  calibrated  pressures 
from  a  dead  weight  tester  were  applied.  This  type  calibration 
may  or  may  not  be  accurate  when  the  charge  amplifiers  have 
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the  short  ti)!ie  constant  setting  and  the  gages  measure  very 
dynamic  pressure  pulses.  However,  the  magnitude  and  shape 
of  recorded  pulses  In  the  experiment  were  well  within  the 
range  of  results  obtained  by  other  researchers  in  the  field, 
and  the  relative  values  should  be  accurate  in  any  case. 
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Appendix  C 


Calculation  in  Support  of  Results 
of  Experiment  I 


Velocity  of  Impact  Disc 

To  determine  the  impact  velocity  of  the  impact  disc, 

the  time  required  for  the  impact  assembly  to  fall  the  distance 

between  any  two  of  the  contact  brushes  was  physically  measured 

on  the  Vlslcorder  film  by  comparing  the  initial  contact  points 

of  the  brushes  with  the  recorded  IKHz  reference  signal.  The 
•  • 

results  were  tabulated  and  each  drop  was  plotted  on  10x15  in, 
graph  paper.  A  smooth  curve  connecting  the  data  points  was 
extrapolated  to  47,  54,  and  54  cm  points.  The  average  vel¬ 
ocity  between  any  two  data  points  was  calculated. by 
.  v^^g‘Ax/fikt.  To  obtain  the  velocity  at. the  Impact  point, 
x«47,  the  values  from  the  extrapolated  curve  were  used  with 
Ax« (x»54)-(x«4o)  and  At  takten  from  the  same  points.  The 
velocity  was  also  calculated  for  the  points  X'5,  15,  25,  35, 
43i,  and  45,  to  note  the  trend  of  the  velocities  as  a  check 
against  large  errors.  Table  II  lists  the  results  of  the 
measurements  and  calculations  and  Figure  28  is  a  sample  of 
the  graphical  solution  used. 

Theoretical  Pressure  Calculations 

To  determine  the  theoretical  pressure  at  impact,  three 
computer  programs  were  used.  In  the  first  program,  the 
Ranklne-Hugoniot  Equation  and  a  linear  Hugoniot  equation  of 
state  for  water  and  aluminum  were  solved  simultaneously  for 
the  pressure,  given  the  impact  velocity  and  constants  for 
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Figure  33 

Example  of  a  Graphical  Solution  of 
Impact  Velocity  for  Experiment  I 
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Table  II 

Impact  Velocity  Caloulatlbns 
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the  linear  Hugonlot  equation  of  state  for  each  material. 

The  the  particle  velocities  (U),  shopk  velocities (D),  and 

densities  (p)  wer..-  ^ound  for  both  water  and-  the  aluminum 

disc.  The  speed  of  sound  (C)  In  the  materials  was  calculated 

from  the  expression  ,  where  4^  was  solved  from  the 

V  op  np 

expression  of  density  as  a  function  of  pressure.  Once  these 
variables  were  calculated,  the  time  of  arrival  of  the  Initial 
shock  wave  and  the  first  rarefaction  wave  at  each  pressure 
gage,  and  the  depth  the  shock  wave  would  travel  before  atten¬ 
uation  begins  were  calculated  using  the  solution  by  Fowles 
(Ref  5).  To  obtain  the  same  information  for  target  mixtures, 
the  simple  mixture  theories  by  Torvlk  (Ref  10)  were  used  to 
calculate  the  average  density  of  the  mixtures  as  a  function 
of  pressure  and  mass  fraction  of  the  constituents  and  this 
program  Inse  ted  Into  the  previous  program  to  calculate 
pressures,  particle  velocities,  ahd  shock  speed.  In  this 
case,  the  program  iterated  pressures  until  a  solution  was 
found  satisfying  the  conditions  of  the  given  Impact  velocity 
and  the  linear  Hugonlot  data  for  the  aluminum  plate.  Once 
the  impact  pressure  was  determined,  the  program  calculated 
the  acoustic  velocity  in  the  mixture. and  the  arrival  times 
for  shock  waves  and  rarefaction  waves  as  before.  For  a  more 
complete  discussion  of  the  simple  mixture  theories  and  the 
Fowles  model,  see  Fischer  (Ref  4).  An  explanation  of  all 
terms  usM  In  Table  III  appears  at  the  end  of  the  table. 

The  mass  fractions  required  in  the  previous  calculations 
were  determined  by  weighing  the  various  constituents  of  the 
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target  mixtures  on  a  beam  balanc.o.  and  from  manufacturers* 

‘\ 

data  on  the  foams.  The  results  are  'bhown  in  Table  IV. 
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Table  III 

Theoretical  Calculations  for  Experiment  I 
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Table  VI 

Tabulated  Results  of  Experiment  II 

Run  Impact  ^1  ^2  '^3 

Velocity  r*7.5  cm  r»15  cm  r»30  cm 
tn/sec  fps  bar  psi  bar  psl  bar  psl 


^3 

r«30  cm 


480 
677 
767 
4W  884 
5P  477.5 
6p  681 
7P  875 
8F  492 
9F  677 
lOF  862.5 


1571  14.48  210 
2219  14.48  210 
2516  14.48  210 
2896  16.90  245 
1566  9.65  140 

2230  12.06  175 
2869  10.68  155 
1612  12.06  175 
2219  12.76  18 J 
2823  14.48  210 
1460  14.82  215 
2180  12.41  180 
2759  10.0  145 

1335  3.10  45 

1816  9.65  14C 

2740  8.97  130 

1650  16.52  ?4o 
1459  15.50  225 
2040  14.48  210 
2.747  16,52  240 


5.52  80 

7.58*  no* 

5.52  80 

6.89*  100* 

0.41  6 

0.55  8 

j 

**  I 

I 

**  j 

**  ■»* 

5.52  •  80 

4,46  65 

3.44  50 

0.55  8 

C.69  10 

0.97  3.4 

4.48  65 

3.44  50  5.52 

7.24  105  12.41 

8.97  130  13.79 


5.89- 

100 

9.65 

140 

11.02 

160 

10.33 

150 

0.28 

4 

0.55 

8 

0.55 

8 

1.52 

22. 

6.21 

90 

3.10 

45 

5.17 

75 

12.76 

185 

♦Data  quest lonaole 
♦*Ko  date 

*W;  v;ater,  P:  Pneumacel,  and  P:  foam 


0.69 

10 

1.72  25 

2,75 

4o 

2.75  40 

0.14 

2 

C.14 

2 

0.14 

2 

0.69  10 
0.34  5 
0.34  5 
0.34  5 
..  1.3820 
80  1.38  20 
180  1.38  20 
200  1.38  20 
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